The growth parameters of In 0.25 Ga 0.75 As grown on GaAs by molecular beam epitaxy were investigated. Low substrate temperatures coupled with lower growth rates and low arsenic overpressures were explored and the corresponding threading dislocation densities were determined using transmission electron microscopy. Threading dislocation densities in layers much thicker than the critical thickness were found to be as low as 1ϫ10 7 cm Ϫ2 using optimal growth conditions. In addition, the critical thickness of the ternary alloy was estimated. The evolution of the misfit dislocations and threading dislocations was also examined as a function of epilayer thickness.
I. INTRODUCTION
The lack of high-quality substrates with different lattice constants has limited the alloys that can be grown for device use. Important devices such as 1.3 m vertical cavity surface emitting lasers as well as high-speed transport devices would benefit from substrates with lattice constants between GaAs and InP. Pseudomorphic growth on these substrates has allowed the growth of thin In x Ga 1Ϫx As layers, but indium mole fractions of 25%-30% are still unreachable in thick layers. These thin layers work well in transport devices but optical devices require much thicker structures. Recently, metamorphic growth, which utilizes thick buffer layers, has been used to grow high electron mobility transistors with higher indium compositions, [1] [2] [3] but optical devices have yet to be demonstrated with this technique.
Early work in metamorphic growth of In x Ga 1Ϫx As on GaAs showed that threading dislocations tended to move into the GaAs substrate for indium compositions of 18% or lower due to the higher yield strength of the ternary alloy. 4 Indium compositions of 18%-28% showed threading dislocations ͑TDs͒ moving into the GaAs substrate as well as the In x Ga 1Ϫx As epilayer. The goal of this study was to extend the range of In compositions that resulted in TDs confined to the GaAs substrate. By extending the In composition to 25%, important optical and transport devices could possibly be fabricated while still using a GaAs substrate. In this study, we explored the growth conditions and the corresponding threading dislocation densities for In 0.25 Ga 0.75 As in an effort to achieve a high quality, relaxed epilayer. Effects of factors such as growth temperature, As overpressure, growth rate, and epilayer thickness were determined using transmission electron microscopy ͑TEM͒.
II. EXPERIMENT
The structures were grown in a solid-source molecular beam epitaxy system equipped with a valved As cracker. On ͑100͒ GaAs substrates, a thin (ϳ1000 Å͒ GaAs buffer was grown at 580°C. The samples were then cooled without As overpressure in the growth chamber. At the desired growth temperature, In 0.25 Ga 0.75 As layers were deposited using As overpressures measured by an ion flux monitor. To minimize the number of samples investigated by TEM, the growth temperature was mainly investigated. The As overpressures studied were restricted to those near the limit of group-V rich growth. Once the optimal growth temperature was ascertained, the effects of growth rate were also examined.
To determine the effects of growth temperature, several samples were grown at a growth rate of 0.5 ML/s using As overpressures of 3ϫ10 Ϫ7 Torr. The thickness of the layers was 5000 Å which is well above the critical thickness for this ternary composition. Growth temperatures, measured by a thermocouple attached to the back of the sample holder, ranging from 250 to 450°C were investigated to determine the effect on TD densities. Dislocation densities were estimated using both cross-sectional and plan-view TEM. All samples were analyzed using cross-sectional TEM, but those with minimal TD densities, ϳ10 7 cm Ϫ2 , were further investigated using plan-view TEM. Once an optimal growth temperature was determined, the effects of As overpressure were studied by using a constant growth rate of 0.5 ML/s. Epilayers with a thickness of 5000 Å were grown at three different overpressures of 1ϫ10 Ϫ7 , 3ϫ10 Ϫ7 , and 1ϫ10 Ϫ6 Torr. Finally, the growth rate was adjusted to ascertain if this parameter was significant. Samples were grown at 0.25 ML/s as well as 1.0 ML/s at a growth temperature of 300°C, previously found to give a minimum TD density. For the higher growth rate, the As overpressure was increased to 6ϫ10
Ϫ7
Torr to compensate for the higher group-III flux. Once the optimal growth parameters were determined, the critical thickness of the ternary alloy was determined by growing epilayers of differing thickness. Films of thicknesses varying from 125 to 2000 Å were grown at a temperature of 300°C, a growth rate of 0.5 ML/s and an As overpressure of 3 ϫ10 Ϫ7 Torr. TEM was used to determine the existence of a͒ Electronic mail: k-hsieh@uiuc.edu misfit dislocations ͑MDs͒ as well as TDs for this critical thickness study.
III. EXPERIMENTAL RESULTS

A. Effects of growth temperature
The effect of growth temperature on TD density was very significant. As seen in Fig. 1͑a͒ , the TD density is minimized at growth temperatures of 300-350°C. TD densities of approximately 1ϫ10 7 cm Ϫ2 were measured at these optimal temperatures. Figure 1͑b͒ is a plan-view TEM micrograph of the sample grown at 350°C showing an example of the low TD density. Reduction of growth temperature dramatically increases the TD density to about 2ϫ10 9 cm Ϫ2 . Similarly, an increase in the growth temperature also increases the TD density to values as high as 1ϫ10 10 cm Ϫ2 . Figures 2͑a͒ and 2͑b͒ show cross-sectional TEM micrographs of a sample grown at 300 and 450°C. Note the dramatic difference in the TD density for the low-temperature grown sample. This phenomenon can be explained in terms of TD interaction. Mathis et al. 5 also reported a low TD density for lowtemperature grown GaAs on Al x In 1Ϫx As lattice matched to InP. Using x-ray measurements, plan-view TEM and crosssectional TEM, Mathis et al. showed an equal density of TDs on the ͕111͖A and ͕111͖B planes for low-temperature grown materials as opposed to high-temperature grown materials which have asymmetric TD densities. A higher probability of TD interaction and annihilation results from the equal TD densities. Cross-sectional TEM showed evidence of similar TD densities on the ͕111͖A and ͕111͖B sublattice for the samples with low TD densities in our study. The TD density, measured in the ͓110͔ and the ͓1 10 ͔ directions, was found to be approximately 1ϫ10 7 cm Ϫ2 in both directions. While our In 0.25 Ga 0.75 As epilayers are oppositely strained when compared to the work in Mathis et al., the mechanism of TD formation and interaction is analogous resulting in a similar reduction in TD density.
There is obviously an optimal growth temperature for the reduced formation of TDs. Our data show that very low growth temperatures do not continually decrease the TD density. Lower growth temperatures reduce the mobility of the group-III atoms. With decreased mobility, the atoms cannot find a favorable position before being locked into place by the impinging group-V atom. As this trend continues, the formation of TDs is promoted causing high densities in the epilayer.
B. Effects of arsenic overpressure
Arsenic overpressure showed some interesting effects on the TD density as well as the material itself. Several samples were grown to measure the minimum overpressure needed to maintain a smooth surface. Reflection high-energy electron diffraction ͑RHEED͒ patterns were monitored during the growth of the strained layers while the As overpressure was lowered. It was determined that at a growth rate of 0.5 ML/s, a minimum As overpressure of 1ϫ10 Ϫ7 Torr was needed to maintain a flat surface. The observed GaAs RHEED pattern before deposition of the strained layer was a ͑2ϫ8͒. Upon deposition of the low-temperature layers, the pattern changed to a ͑1ϫ1͒ which is consistent with the change in RHEED patterns seen with low-temperature growth of GaAs. 1ϫ10 7 cm Ϫ2 . The samples grown using the lowest As overpressures showed very high TD densities, greater than 1 ϫ10 10 cm Ϫ2 , with stacking faults and some phase separation. This behavior is beyond the scope of this article but is interesting from a material science aspect.
C. Effects of growth rate
The effects of the growth rate were analyzed by doubling the growth rate to 1.0 ML/s and decreasing the growth rate to 0.25 ML/s. For the faster growth rate, the TD density went up from 1ϫ10 7 to 1ϫ10 10 cm Ϫ2 . The possibility of growing a group-III rich material was accounted for by doubling the As overpressure to 6ϫ10 Ϫ7 Torr. Consequently, the dramatic increase in the TD density must be explained in other ways. As described earlier, with increased growth rates, the group-III atoms do not have as much time to move around on the growth surface before being locked into place by the As dimers. The decrease in migration time compounds the slow mobility due to lower growth temperatures thereby causing TDs. TEM analysis of the sample grown at the lower growth rate showed no reduction in threading dislocation density. TD densities of approximately 1ϫ10 7 cm Ϫ2 were recorded indicating that further reduction in growth rate gains no advantage.
With the results of the earlier experiments, we speculate that further reductions in growth rate will only be beneficial with a corresponding reduction in growth temperature. Exact numbers for these growth parameters require further investigation, but the use of migration enhanced epitaxy at low growth temperatures has been shown to improve epitaxial films grown in highly strained material systems. 7 In addition, higher growth rates, regardless of growth temperature, will likely result in higher TD densities. Low growth temperatures coupled with higher growth rates will encounter problems due to the low surface mobility of the atoms. Also, high growth temperatures along with high growth rates is well known to cause high TD densities in strained epitaxial films.
D. Determination of critical thickness
Once the optimal growth parameters were obtained, a study to determine the critical thickness of these lowtemperature grown epilayers was performed. The critical thickness of this low-temperature grown alloy was found to be between those predicted by earlier models. Matthews and Blakeslee 8 predicted the critical thickness, for In 0.25 Ga 0.75 As, to be about 35 Å while People and Bean's model 9 expect a critical thickness of 260 Å. Figures 3͑a͒ through 3͑c͒ show cross-sectional TEM micrographs of the samples with epilayers of 125, 250, and 2000 Å, respectively. From the TEM data, the critical thickness was determined to be between 125 and 250 Å. Other work 10 involving In x Ga 1Ϫx As alloys with xϽ0.45 showed an increase of critical thickness by almost seven times with lower growth temperatures. The reduced growth temperature suppressed the relaxation mechanism by reducing the energy available to create dislocations. The critical thickness measured in this study was not as large, but this was not the goal of the research. Our aim was to relax the layer as much as possible while minimizing the density of TDs in the film.
Another interesting phenomenon observed in this critical thickness study was the evolution of the different types of dislocations. Our results show the clear evolution of MDs long before the formation of TDs. As seen in Fig. 3 , the formation of MDs were seen at thicknesses between 125 and 250 Å. TDs were not seen in high enough densities to observe using cross-sectional TEM until epilayer thicknesses approaching 500 Å. The low growth temperature and low growth rate combine to aid in the relaxation of the strained epilayer via the formation of a high density of MDs. While it is true that a higher density of MDs lead to the formation of TDs, 11 the low growth rate and low substrate temperature aid by increasing the MD density on the ͕111͖A and ͕111͖B planes promoting TD interaction and subsequent reduction. Our results agree with theoretical descriptions of the relaxation process as well. 12 Dodson and Tsao predicted initial relaxation of a strained film via misfit dislocations followed by the formation of threading dislocations. It is possible that a further reduction in growth rate with appropriate adjustments in growth temperature and As overpressure could increase the density of MDs and, more importantly, decrease TD densities resulting in higher-quality epilayers.
IV. CONCLUSIONS
In summary, the growth of high-quality In 0.25 Ga 0.75 As epilayers with TD densities as low as 1ϫ10 7 cm Ϫ2 has been achieved by lowering the growth rate and growth temperature. The critical thickness of this ternary alloy was determined and was found to lie somewhere between 125 and 250 Å. Also, a clear difference in the epilayer thickness needed to form misfit dislocations as opposed to threading dislocations was seen. A further understanding of this dislocation formation mechanism could lead to the improvement of these strained epilayers allowing the growth and fabrication of important devices.
